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ABSTRACT
Understanding different thermal performance aspects of phase change material heat exchangers (PCM-HX) is critical
for designing future energy-efficient thermal energy storage systems. This paper presents an experimental
performance analysis of a vertically oriented annular finned-tube PCM-HX in a cylindrical container tested under six
different melting and solidification test conditions, varied by heat transfer fluid’s (HTF) inlet temperatures and flow
directions. The PCM-HX structure with 20 evenly spaced fins was 3D printed in aluminum, and the PCM-HX
container was 285 mm in height. The PCM-HX average porosity was 89.7%, where the PCM mass was 246.4 g. Water
served as the HTF, and a PCM with a nominal phase change temperature of 35 ˚C was selected. Instead of opaque
conventional insulation sheets, a combination of air-and-argon-filled see-through insulation cylinders was assembled
with the PCM-HX to visualize the phase-change phenomena, while minimizing the uncertainties due to heat loss. In
total, there were 78 T-type thermocouples installed in the test section which allows a more precise assessment of
thermal mass and heat loss, which are often neglected in similar studies found in the literature. We validated the
reliability of the test facility as the repeated test results had negligible deviations under the same test conditions. The
energy balances between the estimated theoretical and experimentally calculated PCM storage, considering heat loss
and thermal mass, were within ±9% deviation for all test conditions. From the experimental investigations, we made
several following observations. It was found that the melting pattern of the finned-tube PCM-HX with small gaps
between the container wall and the fins was largely affected by the HTF flow directions, unlike the typical straight
annular tube PCM-HX. For effective charging and discharging processes, a combination of upward melting and
downward solidification is recommended to shorten the test duration. However, an upward solidification should be
considered to minimize the cavity formation between the fins caused by the PCM volume contraction during the
solidification process.

1. INTRODUCTION
PCM-HXs that are used as thermal energy storage (TES) have been attracting major attention among researchers due
to their latent heat utilization during heat transfer processes which makes them more compact and energy-dense
compared with the conventional sensible energy storages (Borri et al., 2021). PCM-TES can play a key role in
utilization of various waste heat sources (Kośny, 2015) and renewable energy sources by storing the energies in latent
heat form, and most importantly, it can shift the peak load energy demands in building applications to contribute to
energy and financial savings as well to reduce the CO2 emission (Kalnæs & Jelle, 2015; Song et al., 2018; Souayfane
et al., 2016). However, most PCM-TES systems suffer from inadequate thermal performance stemming mainly from
the PCM’s low thermal conductivities. The use of radial fins with an annular tube to reduce the PCM-side thermal
resistance is one of the promising options among those improvement measures because of its simple configuration
and high thermal performance enhancement effect (Pu et al., 2020). Therefore, it is crucial to accurately understand
the thermal behavior of the finned-tube configuration under various test conditions to enhance the thermal performance
of the future finned-tube designs. Karami and Kamkari (2020) experimentally investigated the thermal performance
of the radial fins on an annular tube in vertical orientation under different HTF inlet temperatures and mass flow rates
and checked the melting performance of the PCM-HX with the recorded images and installed thermocouples. Yang
et al. (2017) numerically investigated the thermal performance of the radial fins on a vertical annular tube to optimize
the number of fins, fin thickness, and fin intervals within a fixed control volume, and studied the melting fraction and
the PCM temperatures. Whereas, Pu et al. (2020) and Yang et al. (2020) numerically and experimentally investigated
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the effects of non-uniform radial fin distribution on an annular tube in a vertical direction and observed the melting
front and temperature field of the PCM-HXs.
As shown, numerous studies have been conducted to understand the thermal performance and behavior of the finnedtube PCM-HX with radial fins. However, for both numerical and experimental studies, heat loss and thermal mass
assessment of the test setup often get neglected for simplicity. Furthermore, the conventional insulation sheets are
typically used for insulating the test section, which does not allow the visual observation of the test progress unless
temporarily removing the insulation sheets. In this study, a 3D printed aluminum annular tube with evenly spaced
radial fins in a cylindrical container charged with PCM was experimentally investigated. A visualization of the test
progress was realized while not compromising the insulation effect using the multi-layered clear insulation cylinders
filled with air and argon gas. Moreover, heat loss and thermal mass of the test section were considered using the
installed thermocouple pairs in and around the test setup. Hence, a complete energy balance estimation between the
theoretical storage and the actual charged/discharged energies was carried out. Therefore, establishes firm reference
data that could be used to verify numerical models in the future.

2. Experimental Setup
2.1 PCM-to-HTF Test Facility

As presented in Figure 1, the entire test facility is located inside the temperature- and humidity-controlled
environmental chamber for stable experiment conditions. The major components of the test facility are the gear pump,
Coriolis mass flow meter, air-to-HTF heat exchanger with a fan, heater, and the PCM-HX test section. Multiple
resistance temperature detectors (RTD), thermocouples, and pressure transducers were installed for both the system
performance analysis and the proportional-integral-derivative (PID) control of the HTF temperature and mass flow
rate. In this study, deionized water was selected as the HTF. It is important to note that the HTF can travel in any
direction in both vertical and horizontal orientation depending on the PCM-HX orientation with the help of the ball
valves and 3-way valves near the PCM-HX test section. For the melting process, the HTF inlet temperature was
regulated by the heater PID control. Whereas the chamber ambient temperature and the air-to-HTF heat exchanger
with a fan were used to set the HTF inlet temperature for the solidification process.

HTF flow direction

Figure 1: PCM-to-HTF test facility schematic diagram
Additionally, together with the 90° elbows, sub-components such as the RTD guides with multi cord grips and orifice
type turbulator inserts were installed at the inlet and outlet side of the PCM-HX to mix the HTF at the temperature
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measuring point. There were two sets of three RTDs at each temperature measuring point of the inlet and outlet of the
PCM-HX to reduce the systematic uncertainties. The in-house 3D printed RTD guides provided further support for
RTDs after the multi cord grips so that they could be perfectly concentric inside the inner tube area without touching
the wall. The orifice type turbulator inserts locally increased the mass flow rate of the HTF by suddenly decreasing
the cross-sectional area of the HTF. This way, the RTDs could measure the temperature of the HTF more accurately
even when the flow was in the laminar regime.

2.2 PCM Properties

RT 35 from Rubitherm was selected as a PCM for the experimental setup; thermophysical properties are shown in
Table 1. A differential scanning calorimeter (DSC) curve of RT 35 from Pu et al. (2020) and a phase change
temperature range estimation approach from Alam et al. (2021) were referenced to estimate the solidus and liquids
temperatures of RT 35.
Table 1: RT 35 thermophysical properties
Nominal Phase Change Temperature [°C]
Phase Change Temperature range [°C]
Density [kg/m3]
Thermal Conductivity [W/m-K]
Specific Heat [kJ/kg-K]
Heat Storage Capacity [kJ/kg]

35
27 [solidus], 40 [liquidus]
860 [solid], 770 [liquid]
0.2 [solid], 0.2 [liquid]
2 [solid], 2 [liquid]
157

2.3 Finned-Tube PCM-HX and Insulation Cylinders Configurations

A 3D printed aluminum tube with annular fins was used as a heat exchanger configuration for the test setup. As a
PCM container, a polycarbonate cylinder was selected, while 3D printed acrylonitrile butadiene styrene (ABS) was
used for container covers. Further details about the dimensions and configuration of the selected PCM-HX can be
found in Table 2 and Figure 2 - (L). It is worth noting that the 35 mm gap at the top section of the container was
maintained to account for the unexpected volume expansion of the PCM during the melting process. The PCM-HX
porosity, which represents the ratio of PCM volume to PCM domain volume, was 89.7%. The PCM domain volume
only accounts for the volume of the PCM and fin domain, excluding the tube domain.
Table 2: Finned-tube PCM-HX and insulation cylinder dimensions
Finned-tube PCM-HX
Cylinder length [mm]
285
PCM container diameter [mm]
50.8 [OD], 44.5 [ID]
Tube diameter [mm]
12.7 [OD], 9.7 [ID]
Fin diameter [mm]
42.45
Fin thickness [mm]
1.5
Fin spacing [mm]
12.7
PCM liquid level from the top [mm]
35
Charged PCM mass [g]
246.4
PCM volume up to liquid level [cm3]
320.0
PCM domain total volume up to
356.7
liquid level [cm3]
PCM-HX porosity [%]
89.7

Insulation cylinder
Length [mm]
1st cylinder
diameter
[mm]
2nd cylinder
diameter
[mm]
3rd cylinder
diameter
[mm]

285
82.1 [OD], 72.4 [ID]
123.2 [OD], 114.1
[ID]
160.3 [OD], 151.1
[ID]

As previously mentioned, see-through insulation cylinders filled with air and argon gas were used to reduce the amount
of heat loss from the test section during the experiment. Unlike the conventional insulation sheets, the setup presented
in this study offers an option of continuous visual observation of the experiment progress, enabling the qualitative
analysis of the PCM-HX. The dimensions and configurations of the insulation cylinder assembly are described in
Table 2 and Figure 2 - (R). Polycarbonate was used as a cylinder material. Argon gas was charged into the 2nd and 3rd
insulation cylinder gaps, while air was used to fill the 1st insulation cylinder. ABS was again used as the 3D printing
material for the top and bottom insulation covers. Additionally, a flexible polyurethane filament was used as a 3D
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printed rubber gasket material. Lastly, two pairs of circular insulation sheets that are 6.35 mm for each sheet were
used to insulate the top and bottom sides of the assembly.

Figure 2: Configurations of the (L) finned-tube PCM-HX and (R) insulation cylinders assembly

2.4 Thermocouple Distributions

In total, calibrated 78 T-type thermocouples with ±0.5 K absolute uncertainty were installed in and around the test
section. The naming convention and thermocouple distribution for the PCM side are displayed in Figure 3 – (L). 30
thermocouples were installed inside the PCM container to capture the temperature profiles of the tube wall, fins, and
PCM. The PCM thermocouples were located following the dimensions shown in Figure 3 – (L), while the tube wall
and the end-tip of the fin thermocouples were attached to their surfaces directly using the thermal epoxy. The installed
thermocouples had an average of ±0.6 mm human error from the ideal designed positions.

Figure 3: Thermocouple distributions of the (L) PCM side and (R) insulation cylinders side
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Figure 3 – (R) shows the positions of the 14 thermocouple pairs that were installed inside the insulation cylinder
assembly. The insulation cylinders were vertically divided into seven virtual compartments to estimate both the heat
loss and thermal mass of the test setup during the experiment. Additionally, ten more thermocouple pairs were installed
on the top and bottom side of the insulation cylinder assembly and on the plastic fitting side to account for the heat
loss and thermal mass of the components between the PCM-HX inlet and outlet temperature measuring points. The
detailed positions of these thermocouples were not included in this report for simplicity.

3. Data Reduction
The installed thermocouples of the PCM side were used to estimate the theoretical storage of the PCM-HX during the
melting and solidification processes. Each compartment was given its evenly weighted PCM mass and the initial and
final temperatures for each process were used for the calculation of the theoretical storage estimation. The
compartments that did not have the PCM thermocouples used the average thermocouple temperatures from their top
and bottom neighboring compartments. The sum of the sensible and latent portions of the PCM compartments together
with the sum of the thermal mass of the HX by compartments were added up as shown in Equations (1) and (2).
𝑄𝑄𝑚𝑚, 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒. = � 𝑚𝑚�𝐶𝐶𝑝𝑝, 𝑠𝑠 (𝑇𝑇𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖. ) + ℎ𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐶𝐶𝑝𝑝, 𝑙𝑙 (𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓. − 𝑇𝑇𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 )� + � 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻
𝑄𝑄𝑠𝑠, 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒. = � 𝑚𝑚�𝐶𝐶𝑝𝑝, l (𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖. − 𝑇𝑇𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ) + ℎ𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐶𝐶𝑝𝑝, s (𝑇𝑇𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓. )� + � 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻

(1)
(2)

The accumulated energies from HTF during melting and solidification were calculated using Equation (3). The
selected time step for each interval for this study was 10 sec.
𝑄𝑄(𝑚𝑚/𝑠𝑠), HTF = �

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓.

𝑚𝑚̇𝐶𝐶𝑝𝑝, HTF (𝑇𝑇𝑅𝑅𝑅𝑅𝐷𝐷(𝑖𝑖𝑖𝑖/𝑜𝑜𝑜𝑜𝑜𝑜) − 𝑇𝑇𝑅𝑅𝑅𝑅𝐷𝐷(𝑜𝑜𝑜𝑜𝑜𝑜/𝑖𝑖𝑖𝑖) � 𝑑𝑑𝑑𝑑

(3)

𝑄𝑄𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑚𝑚, HTF − � 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − � 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

(4)

𝜏𝜏𝑖𝑖𝑖𝑖𝑖𝑖.

Next, to estimate the actual charged and discharged energies considering the heat loss and thermal mass from the test
section, Equations (4) and (5) were used. It is important to mention that the sum of heat loss and the sum of thermal
mass terms each contain different equations for charged and discharged cases to avoid double counting of heat loss
and thermal mass based on the heat transfer directions and the selected control volumes.

(5)

𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑠𝑠, HTF + � 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − � 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

The radial and flat heat flows were measured using Equations (6) and (7) for heat loss estimations. It was assumed
that only the simple 1D heat transfer was considered for these estimations.

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐹𝐹𝐹𝐹𝐹𝐹𝑤𝑤𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓.

𝜏𝜏𝑖𝑖𝑖𝑖𝑖𝑖.

2𝜋𝜋𝜋𝜋 ⋅ 𝑘𝑘 ⋅ 𝛥𝛥𝛥𝛥
𝑑𝑑𝑑𝑑
𝑟𝑟
ln 𝑖𝑖𝑖𝑖
𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐹𝐹𝐹𝐹𝐹𝐹𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓.

𝜏𝜏𝑖𝑖𝑖𝑖𝑖𝑖.

𝑈𝑈 ⋅ 𝐴𝐴 ⋅ 𝛥𝛥𝛥𝛥 𝑑𝑑𝑑𝑑

(6) and (7)

Lastly, the systematic uncertainties of the HTF side energy calculations were obtained by Equations (8) and (9). Two
sets of three 1/8-inch diameter RTDs with ±0.03 K absolute uncertainty and a Coriolis mass flow meter with ±0.2%
relative uncertainty were used to precisely measure the HTF side energies even with relatively small temperature
differences between the inlet and outlet of the PCM-HX.

𝑈𝑈𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

2

𝜕𝜕𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
= �� �
� 𝑈𝑈𝑥𝑥2
𝜕𝜕𝑥𝑥𝑖𝑖

𝑈𝑈𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ��𝑈𝑈𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 �

𝜏𝜏

(8) and (9)
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4. Results and Discussion
4.1 Test Conditions

As shown in Table 3, a summary of test conditions conducted for this study is presented. The HTF inlet temperature
and the flow direction were varied while the mass flow rate of 2.5 g/s was fixed for all test conditions. Keeping the
relatively short test section in mind, which was 285 mm long, a laminar flow was considered for this study with the
Reynolds number ranging from 412 to 691 to obtain a high enough temperature difference between the inlet and outlet
of the PCM-HX for low HTF side energy uncertainties. The variation of the Reynolds number was caused only by the
change in HTF temperatures, which changed the value of the dynamic viscosity. The ambient temperature was
maintained at 25.1 °C for all test conditions. The melting test was completed when all the PCM temperatures from the
installed thermocouples surpassed the liquidus temperature of the PCM. Then, the heater was turned off to switch the
test condition to solidification. Similarly, the solidification test was completed as all the PCM thermocouples reached
the solidus temperature of the PCM. The solidification process was considered started when the sign of the temperature
difference between the inlet and outlet of the PCM-HX was flipped to negative. As expected, the higher HTF inlet
temperature yielded faster melting, which the results were in accordance with the results from Karami and Kamkari
(2020). The solidification duration was only affected by the initial condition of the solidification process as both mass
flow rate and the target HTF inlet temperature were not changed.
Table 3: Summary of test conditions
Test
Condition
1
2
3
4
5
6

HTF
Direction

Avg. Inlet T [°C]
(melting/solidification)
44.0 / 27.4
48.5 / 27.7
52.7 / 28.0
44.0 / 27.6
48.3 / 27.9
52.6 / 28.2

Upwards
Downwards

Initial Avg. PCM T [°C]
(melting/solidification)
25.2 / 41.6
25.4 / 44.7
25.2 / 47.5
25.1 / 41.7
25.3 / 45.0
25.3 / 48.1

Test Durations [min]
(melting/solidification)
38.2 / 88.3
26.5 / 90.8
19.8 / 92.5
42.0 / 83.3
28.3 / 86.7
21.0 / 88.5

4.2 Repeatability Tests
Test condition 2 from Table 3 was repeated three times to verify the repeatability and reliability of the test
setup. As shown in Figure 4 – (a), the ambient temperature was kept the same for all three repeated tests
with the help of the environmental chamber, while the HTF inlet temperature and the average PCM
temperature were also overlapped with negligible deviations from each other. The repeated plots of the
temperature difference from the RTDs are also shown in Figure 4 – (b). Again, the repeatability was well
observed between each test run. The dotted red and blue lines from both figures represent the melting and
solidification duration throughout the experiment.
50

T ambient-1
T ambient-2
T ambient-3
RTD bottom avg-1
RTD bottom avg-2
RTD bottom avg-3
PCM avg-1
PCM avg-2
PCM avg-3

HTF inlet T
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Figure 4: Plots of repeated test condition 2: (a) ambient temperature, RTD inlet temperature, and average PCM
temperatures and (b) temperature difference between the inlet and outlet of the PCM-HX

4.3 Melting and Solidification Observation

The images of the test conditions 1 and 4 during melting can be found in Figure 5 – (a) and (c). Images during the first
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35 minutes of the melting process were compared between the upward and downward HTF flow directions. Unlike
the experimental results from the straight tube PCM-HXs without fins from Yang et al. (2021), Longeon et al. (2013)
and Mehta et al. (2019) where the melting fronts started from the top section and traveled to the bottom section of the
PCM container regardless of the HTF flow directions, the finned-tubed PCM-HX melting front patterns were heavily
influenced by the HTF flow directions due to the separation of compartments by the fins. As clearly captured in Figure
5 – (a), the melting of PCM compartments started dominantly from the bottom sections following the HTF flow
direction. Conversely, in Figure 5 – (c), the melting pattern showed apparent downward progression from the top to
bottom sections, which was again in accordance with the HTF flow direction. For the upward HTF flow, the
experimental observation results from Karami and Kamkari (2020) also captured the apparent upward melting
progression. Additionally, the simulation results from Pu et al. (2020) and Yang et al. (2017) observed the similar
downward melting front and temperature progression from the current study with the downward HTF flow. It is
important to note that all PCM-HX configurations that were referenced here including the current study had relatively
small gaps between the container inner wall and the fins, promoting the localization of the natural convection effect
in each compartment as PCM melted.

(a)

(b)

(c)

(d)

Figure 5: Test conditions 1 and 4 visual observation – Test condition 1: (a) melting and (b) solidification and test
condition 4: (c) melting and (d) solidification
Similarly, the solidification images of the test conditions 1 and 4 are presented in Figure 5 – (b) and (d). The images
from the 10-minute mark to the 20-minute mark were used as the solidification behaviors were well captured during
this period. Again, the effect of the HTF flow direction was captured for both test conditions. However, the effect was
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less dominant compared with the melting process, especially for the downward test. As the main mode of heat transfer
switched from convection to conduction together with the vertical temperature stratification inside the PCM container,
the solidification process was less affected by the HTF flow direction.
Lastly, it was observed that due to the volume change caused by the density difference between the liquid and solid
phase of the PCM, the cavity formation inside the PCM compartments was observed during the solidification process.
Therefore, for the following melting process, the cavities turned into air bubbles and the ones trapped between the fins
had to be manually eliminated towards the end of the melting cycle by physically tilting the PCM container. One
operational strategy to minimize the cavity formation during solidification would be upward solidification. As PCM
solidifies from the bottom the cavities that form could be re-filled with the liquid PCM from the top section that travels
downward due to gravity (Longeon et al., 2013). To resolve the cavity formation issue in future setups, the gap between
the container inner wall and the fins could be increased or the perforated fins approach from Karami and Kamkari
(2020) could be considered.

4.4 PCM Temperature Profiles

For simplicity, only the three outer thermocouples installed on the left side of the container that were close to the
bottom, middle, and top section from Figure 3 – (L) were plotted in Figure 6 for both the upward and downward HTF
directions. As mentioned in Figure 6, the temperature profiles from the upward test condition reached higher
temperatures in the direction of the bottom to top thermocouple positions. In contrast, the temperature profiles reached
higher temperatures from top to bottom thermocouple positions for the downward test condition. These findings go
hand in hand with the visual observations from Figure 5, verifying the accuracy of the measured PCM temperatures
with the recorded images. For solidification processes, the temperature profile trends were both turned over from the
melting trends, again, matching with the visual observation. However, as the main mode of heat transfer changed to
conduction during the solidification process, the temperature differences among the selected thermocouples were
relatively smaller than the temperature differences from the melting process.
45
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PCM-2-out
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41
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Figure 6: Selected PCM temperature profiles of the test conditions 1 and 4
Tracking back to Table 3, it was shown that the melting duration for the upward test conditions was shorter than the
downward test conditions. This could be explained by the vertical temperature stratification inside the PCM-HX
container as the melting process progressed. Hence, the upward HTF flow met the coldest point of the PCM
compartments which were located at the bottom, and created the maximal temperature difference between the HTF
inlet and the PCM. Also, the melted PCM inside the container could move upwards through the gaps between the
container inner wall and the fins, thereby transferring the heat from the bottom to the top sections of the container,
ultimately shortening the melting time duration compared with the downward tests. For the downward HTF flow, due
to the same thermal stratification effect, the melting process is less effective compared with the upward HTF flow
tests. The solidification time was shorter for the downward test conditions as presented in Table 3. The PCM was still
in the liquid phase at the beginning of the solidification process, and due to the thermal stratification in a vertical
direction, the upper compartments that were the hottest in the container came in contact with the cold HTF first during
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downward solidification tests. Hence, it could be concluded that the faster solidification durations for the downward
tests than the upward tests were due to the thermal stratification presence at the beginning of the solidification process.

4.5 Energy Balance Analysis

The summary of the energy balance estimation results for each test condition’s melting [M] and solidification [S] is
presented in Table 4. The calculation process for each column was explained in the data reduction section. By
comparing the theoretical storage and the estimated charged/discharged energy values, the energy balance deviation
was calculated. As shown in the last column, all test conditions’ energy balances were within ±9% deviation.
Therefore, the test results can be used to validate the numerical model with high confidence.
Table 4: Summary of energy balance estimations
QHTF

Theoretical
Storage [kJ]

Test

QHTF [kJ]

Uncertainty
[±%]

1
2
3
4
5
6

52.4 [M], 41.7 [S]
53.4 [M], 45.1 [S]
56.5 [M], 48.3 [S]
56.6 [M], 41.8 [S]
58.1 [M], 45.2 [S]
59.3 [M], 47.9 [S]

1.1 [M], 3.3 [S]
0.8 [M], 3.1 [S]
0.5 [M], 2.9 [S]
1.1 [M], 3.1 [S]
0.8 [M], 3.0 [S]
0.5 [M], 2.8 [S]

48.7 [M], 48.7 [S]
49.9 [M], 51.0 [S]
50.4 [M], 53.1 [S]
49.2 [M], 48.7 [S]
50.9 [M], 51.3 [S]
52.1 [M], 53.6 [S]

Estimated
Charged /
Discharged Energy
[kJ]
44.4 [M], 45.4 [S]
46.4 [M], 48.8 [S]
49.3 [M], 52.0 [S]
46.7 [M], 45.5 [S]
49.3 [M], 48.9 [S]
51.0 [M], 51.5 [S]

Energy
Balance
Deviation [%]
8.9 [M], 6.8 [S]
7.1 [M], 4.4 [S]
2.1 [M], 2.1 [S]
5.2 [M], 6.6 [S]
3.1 [M], 4.7 [S]
2.2 [M], 3.9 [S]

6. CONCLUSIONS
The 3D printed aluminum finned-tube PCM-HX with the insulation cylinders filled with air and argon gas was
experimentally investigated with the in-house PCM-to-HTF test facility to understand the thermal performance of the
baseline finned-tube PCM-HX configuration. Our findings from this new test facility and experimental investigations
are as follows:
•
•
•
•
•

•

The reliability of the test facility was verified through the repeatability tests as the repeated test results had
negligible deviations under the same test conditions.
The see-through insulation cylinders enabled the real-time visual observation of the experiment while not
compromising the insulation effect.
Unlike the straight tube without fins setup, the melting progression of the finned-tube PCM-HX with a
relatively small gap between the container inner wall and fins was heavily influenced by the HTF flow
directions.
The recorded images and the temperature profiles from the installed PCM side thermocouples showed good
agreement in capturing the melting and solidification patterns with different HTF flow directions during both
melting and solidification processes.
In terms of test duration, a combination of upward melting and downward solidification is the optimal choice
for efficient charging and discharging processes for this specific finned-tube PCM-HX configuration.
However, from a practical perspective, upward solidification is recommended to minimize the cavity
formation.
The energy balances for all test conditions were within ±9% deviation with the help of installed
thermocouples in and around the PCM-HX assembly which allowed the heat loss and thermal mass
assessments that get often neglected in the literature.

NOMENCLATURE
Q
h
L

heat energy
latent heat
length

(kJ)
(kJ/kg)
(m)

Subscripts
fin.
HTF

final
heat transfer fluid
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m
ṁ
r
Cp
A
T
TM
k
τ
U

mass
mass flow rate
radius
specific heat
surface area
temperature
thermal mass
thermal conductivity
time step
uncertainty, U-value

(kg)
(kg/sec)
(m)
(kJ/kg-K)
(m2)
(°C)
(kJ)
(W/m-K)
(sec)

HX
i
ini.
in
l
m
out
s
theor.
x

heat exchanger
variable number
initial
inlet, inner
liquid state
melting
outlet, outer
solidification, solid state
theoretical
variable
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